Introduction
Excessive nutrients have been a persistent problem in streams, lakes, and estuaries throughout the Midcontinental region of Canada and the United States (Carpenter and others, 1998; U.S. Environmental Protection Agency, 1998; Smith, 2003; Dodds and Smith, 2016;  fig. 1 ). The region includes the binational Red-Assiniboine River, Rainy-Lake of the Woods, and Great Lakes Basins as well as the neighboring Winnipeg River Basin in Canada and the Upper Mississippi River and Ohio River Basins within the United States ( fig. 1 ). Excessive loading of phosphorus and nitrogen from anthropogenic sources has been linked to algal blooms and hypoxia in Lake Winnipeg, Lake of the Woods, Lake Erie, and other sections of the Great Lakes, including Green Bay and Saginaw Bay (Schindler and others, 2012; Michalak and others, 2013; Clark and Sellers, 2014) . Hypoxia in the Gulf of Mexico has been associated with nitrogen (N) and phosphorus (P) loading from the Mississippi River, including contributions from the Upper Mississippi River and Ohio River Basins (U.S. Environmental Protection Agency, 2000).
Water-Quality Modeling
To help understand the distribution, origin, and sources of nutrients (total nitrogen [TN] and total phosphorus [TP] ), SPAtially Referenced Regressions On Watershed attributes (SPARROW) water-quality models have previously been developed for specific parts of this region Saad, 2011, 2013; Benoy and others, 2016) . Now, SPARROW models are being developed to address nutrient issues throughout the entire Midcontinental region.
SPARROW models simulate long-term mean-annual nutrient or other loads of interest in streams and rivers over large geographic areas (Preston and others, 2009 ). The models can be used to help understand the origin and transport of the major sources of nutrients or other types of contaminants. The Midcontinent nutrient SPARROW models will use readily available source and watershed characteristic spatial datasets, a binational, harmonized digital stream network based on the National Hydrography Data (NHDPlus Version 2; Moore and Dewald, 2016) in the United States and the National Hydro Network (Natural Resources Canada, 2009) in Canada and the long-term mean-annual loads described in this report.
SPARROW models are calibrated using long-term mean-annual estimates of specific loads such as nutrients based on available monitoring data. A set of load monitoring sites representing a wide range of watershed characteristics is required to develop and calibrate the Midcontinent SPAR-ROW models. In the United States, TP and TN load estimates for SPARROW models are primarily derived from data readily available in national databases. For this binational application, additional steps were required to acquire streamflow and water-quality data from Federal, Provincial, and local agencies in Canada. Once the databases from both countries were obtained and combined, common techniques were used to generate a consistent set of loads across the spatial extent of the Midcontinental region.
Great Lakes Basin

Purpose and Scope
The purpose of this report is to describe the detailed approach of assembling, processing, and utilizing available streamflow and water-quality data needed to compute longterm mean-annual TP and TN loads at monitoring sites. Load estimation methods and criteria for selecting the final set of loads considered for use in the Midcontinent SPARROW models are described. Maps of nutrient yields (loads normalized by watershed area) are presented to show the distribution of TP and TN in streams throughout the Midcontinental region of Canada and the United States. The dataset of all load model inputs and outputs is available online (Saad and others, 2018;  https://doi.org/10.5066/F7VT1R1K).
Water-Quality and Streamflow Data used to Estimate Long-Term MeanAnnual Nutrient Loads
The dependent variable in SPARROW water-quality models is long-term mean-annual loads (for example, TP or TN) normalized to a specific base year (Preston and others, 2009 ). The base year for the Midcontinent SPARROW models is 2002, which was selected so that estimated loads would coincide with available geospatial datasets describing water-quality data sources and environmental characteristics. Mean-annual loads were estimated using data derived from water-quality samples and continuous (daily) measures of streamflow for each monitoring site. Descriptions of the water-quality and streamflow data are given in the "WaterQuality Data" and "Streamflow Data" sections of this report. A detailed description of the load-computation methods is included in the "Methods for Estimating Long-Term, MeanAnnual Nutrient Loads" section of this report.
Water-Quality Data
Previous evaluations of SPARROW models have determined that increasing the number of sites with estimated loads that represent a range in watershed attributes increases the level of certainty in SPARROW load estimations for streams throughout the modeled basin (Saad and others, 2011; Preston and others, 2009; Schwarz and other, 2006) . To maximize the number of monitoring sites that could be included in the 2002 Midcontinent SPARROW models, water-quality monitoring data from many Federal, State and Provincial, and regional government agencies and nongovernmental organizations in Canada and the United States were inventoried, evaluated, and compiled. The foundations for this binational inventory were the U.S. Geological Survey National Water Information System (NWIS), the U.S. Environmental Protection Agency STOrage and RETrieval (STORET) system, the Ontario Ministry of the Environment and Climate Change Provincial Water-Quality Monitoring Network (PWQMN), the Environment and Climate Change Canada Aquatic Chemistry and Biological Information System (ACBIS), the Manitoba Sustainable Development water-quality database, and the Saskatchewan Ministry of the Environment Environmental Management System (SEEMS), which are among the largest databases of water-quality records available in the United States and Canada. In addition to the preceding databases, data were also compiled from many regional and local online water-quality data delivery systems that were readily available to the public. The effort to inventory water-quality data also included working directly with State, Provincial, and local water resource agencies to acquire relevant water-quality records that were available in electronic format but were not available in other public, online databases. Water-quality data considered for load estimates included the period from 1970 through 2012, where available. This period was chosen to provide an accurate representation of long-term mean annual loads and to include data before and after the base year. A list of agencies contributing water-quality data described in this report are included in appendix 1.
The primary concentrations used in load calculations were unfiltered TN as N and unfiltered TP as P, both expressed in units of milligrams per liter. If the concentration of TN was not available, it was calculated as the sum of particulate and dissolved (filtered) forms of measured N, if those data were available. Where total or particulate and dissolved measurements of N were unavailable, TN was calculated as the sum of the concentrations of ammonium, organic N, and nitrite plus nitrate (or just nitrate) where possible. TP was based primarily on TP concentrations reported as P, however, some TP data were reported as phosphate (PO 4 3-) and converted to P. The specific forms of N and P considered when estimating the concentrations of TN and TP, and the protocols for combining those concentrations, are described in the Supporting Information of Saad and others (2011) and Jenkinson and Benoy (2015) .
Streamflow Data
Mean daily streamflows for the period from October 1, 1970, through September 30, 2012, where available, were used to calculate loads considered for use in the Midcontinent SPARROW models. These data were compiled from the U.S. Geological Survey NWIS database (U.S. Geological Survey, 2017) and the Environment and Climate Change Canada HYDAT database (Environment and Climate Change Canada, 2016) .
Protocols for Screening Water-Quality and Streamflow Sites
Once the water-quality and streamflow datasets were compiled, a screening process, similar to that described in Saad and others (2011) , was completed to identify monitoring sites with sufficient data for computing loads. Screening criteria included minimum requirements for availability of waterquality data, the ability to confirm the location of the site and index it to the digital stream network used in the models, and the ability to associate the water-quality site with a nearby streamgage. Additional evaluation of the calculated loads (described in the section "Methods for Estimating Long-Term, Mean-Annual Nutrient Loads") ensured that only the most suitable load estimates were considered for use as calibration targets in the SPARROW models.
The data requirements for streamgages used for load calculations included a minimum record length of 2 years of daily streamflows and the period must include 2002. The minimum water-quality data requirements for computing loads at a site included a minimum record length of 2 years and at least 25 TN or TP samples. If the water-quality record was less than 5 years, the water-quality period of record also had to be within 2 years of the 2002 base year. If the water-quality record was 5 years or more, data had to be within 7 years of the base year. These minimum requirements were evaluated by using the data available at a site for the period from October 1, 1970, through September 30, 2012. Water-quality sites meeting these minimum requirements were referred to as "potential load sites." The location of each potential load site was manually checked and indexed to the digital stream networks used in the SPARROW models. If the description of a waterquality site (including name and watershed area) matched the mapped location (based on the digital network stream name and watershed area attributes, or using digital topographic maps, or both), the site was indexed to the stream network. If a site location could not be reasonably verified, the site was excluded from further consideration.
Protocols for Matching a Water-Quality Site to a Streamgage
Estimates of load require extended periods of coinciding concentration and streamflow data. Matching a potential load site to a nearby streamgage initially involved identifying streamgages that met minimum data requirements for streamflow and then selecting the streamgage with streamflow characteristics that best represented those at the water-quality monitoring location. Load calculations are ideally done using collocated water-quality and streamflow sites; however, use of a nearby streamgage is a common approach when collocation is not possible. Where collocation was not possible, streamflow was adjusted based on the ratio of the water-quality site to streamflow site watershed areas. The following criteria were used to identify suitable streamgages for a nearby waterquality site:
1. Overlap between water-quality and streamflow data had to be at least 2 years;
2. The ratio of watershed areas between the water-quality site and streamflow site is between 0.75 and 1.33;
3. If the watershed area of the water-quality site was greater or equal to 260 square kilometers (km 2 ) then the streamgage must be on the same stream; 4. If the watershed area of the water-quality site was less than 260 km 2 , then the streamgage could be on a nearby stream; and 5. The streamgage must be within a reasonable distance (areal distance less than or equal to 40 kilometers [km]) of the water-quality site so as to represent similar environmental conditions.
If a potential load site had multiple, nearby, suitable streamgages, priority for selection was given to streamgages with a longer period of data overlap, watershed area ratios closer to 1, and a shorter distance to the water-quality site (Saad and others, 2011) .
Methods for Estimating Long-Term, Mean-Annual Nutrient Loads
SPARROW models require long-term, mean-annual loads for calibration. For sites having significant trends in load, loads were detrended to the base year (2002). Detrending allows for better comparison of loads among sites with monitoring data that cover different time periods (Preston and others, 2009; Schwarz and others, 2006) .
A variety of methods are available to estimate longterm, mean-annual loads. Lee and others (2016) evaluated 11 methods for estimating long-term mean-annual loads for specific conductance, nitrate, TN, TP, and suspended sediment. Of the methods evaluated by Lee and others (2016) , the Beale ratio-estimator (BRE) method (Cochran, 1977) performed the best. Five-parameter regression and weighted regression methods also did reasonably well. Only two of the programs evaluated, Fluxmaster (regression, Schwarz and others, 2006) and WRTDS (weighted regression, Hirsch and others, 2010) , were capable of estimating detrended, long-term, mean-annual loads. A limiting factor with WRTDS is that this method generally requires extensive water-quality data (at least 100 observations) for long periods of time (greater than 10 years) to produce accurate estimates of load. Many of the sites used in this effort do not have enough data or do not cover a period of time long enough to consider using WRTDS. Only one of the programs, Fluxmaster, estimates loads using both the BRE and regression methods from a single dataset. Therefore, loads considered for use in the Midcontinent SPARROW models were estimated using the Fluxmaster program.
For this effort, long-term mean-annual loads for nutrients at each site, were estimated by using both the BRE and Fluxmaster 5-parameter regression (F5) methods. The BRE method was implemented in stratified form as described in Cochran (1977) . In this application, as much as eight strata were formed by subdividing streamflow into two classes (delineated by the 80th percentile of streamflow) and subdividing the year into four seasons (January through March, April through June, July through September, and October through December) after combining all data among years. If the number of samples within any strata was less than 10, then the strata were collapsed following the protocol described in Lee and others (2016) . The Beale ratio of a given stratum is the ratio of the stratum sample means of load and streamflow (eq. 1 in Lee and others, 2016) . The estimate of load for all days within a stratum is given by the sum of measured daily loads plus the product of the estimated Beale ratio for the stratum multiplied by the total streamflow for all unsampled days in the stratum. The summation of these estimates across all strata then gives the BRE load estimate for all days in the prediction period. The BRE method, as implemented here, produces nondetrended, long-term mean-annual loads.
Detrended long-term mean-annual loads were computed with regression methods developed by Cohn (2005) and implemented in Fluxmaster. The regression-based load estimates are based on a 5-parameter water-quality model (eq. 1) that relates the logarithm of concentration at time t (c t ), to the logarithm of daily streamflow, a decimal time term, and sine and cosine functions of decimal time to account for seasonal variation, and a model residual: (1) where q t is the logarithm of daily flow, T t is the decimal time term, e t is the model residual, and b 0, b q , b T , b s , and b c are coefficients estimated for each site by the ordinary least squares method, or by the adjusted maximum likelihood method (Cohn, 2005) if some of the c t measurements are censored. The residuals, e t , are assumed to be independent and normally distributed with mean = 0 and variance = σ e 2 . Detrending was used to remove long-term changes in the data, not cyclical or short-term variations such as year-to-year differences caused by variability in meteorology (Schwarz and others, 2006) . Average streamflow can vary widely from year to year, so a sufficiently long period of record is needed to identify long-term trends that are not masked by shortterm meteorological variations. For this analysis, the authors considered 20 years of streamflow record to be sufficient for estimating long-term trends in streamflow. Considering the 20-year threshold, detrended loads were computed using two methods, depending on the length of the streamflow record used for prediction. For streamflow records of 20 years or less, loads were computed using only detrended concentrations. For streamflow records greater than 20 years, loads were computed using detrended concentrations and detrended streamflows. The following is a detailed description of these methods.
For streamflow records of more than 20 years, detrended streamflow was estimated using equation 2:
where a 0 , a T , a T , and a c are coefficients estimated using the maximum likelihood SAS Autoreg procedure (SAS Institute Inc., 2004) , and u t is the model residual that is assumed to be correlated across time according to a 30-day lag autoregressive model. Final detrended flows (q͂ t ) were then estimated using equation 3:
where T b is 2002.5 (which is used by Fluxmaster to represent June 30 of the base year). For streamflow records of 20 years or less, the logarithm of detrended daily concentrations were computed using equation 1 with T b substituted for T t . For streamflow records greater than 20 years, T b and q͂ t were substituted for T t and q t . The logarithm of detrended daily concentrations were then added to the logarithm of daily streamflow (detrended or nondetrended) to obtain the detrended logarithm of daily load. These load estimates were then converted from logarithm space to real space using methods described by Cohn (2005) and Schwarz and others (2006) . For both the BRE and regression method load estimates, the long-term mean-annual load was computed by identifying those years included in the analysis period that had no days with missing streamflows, summing the daily load estimates for those years, and dividing by the number of included years to obtain mean-annual load in units of kilograms per year.
Load estimates were evaluated for trend, accuracy and bias prior to finalizing selected loads considered for inclusion as calibration targets in the SPARROW models. In general, the selected load estimate for a site was based on if there was a significant trend in load. If there was no significant trend, the BRE long-term, mean-annual load was selected as the final load. If there was a significant (p < 0.05) trend in load, the authors generally used the detrended F5 estimate as the final load. The only time detrended load was not used where the trend was significant was if the water-quality period of record was centered near the base year (somewhere within 2002). Detrending essentially pivots the load estimates for the period of record around the base year (Schwarz and others, 2006) . If the base year is near the beginning or end of the period of record, the detrended mean-annual load can be quite different from the mean-annual load. When the period of record is centered near the 2002 base year, the detrended mean-annual load should be similar to the mean-annual load. In the case of a site with a significant trend, but the period of record is centered near the base year, the BRE and detrended F5 methods should both produce load estimates that are acceptable for SPAR-ROW modeling. In these cases, the BRE method is preferred because of better overall performance in estimating long-term mean-annual loads (Lee and others, 2016) .
In addition to trend, load estimates were evaluated for accuracy and bias (for sites with significant trend in load) prior to final selection for consideration as SPARROW model calibration targets. Sites with poor accuracy and large bias were excluded from consideration for use in SPARROW models. The standard error of a load model estimate provides a measure of the accuracy of the load model predictions. Standard errors within 50 percent of the mean load estimate were considered acceptable and are consistent with the accuracy level used in previous SPARROW modeling studies (Saad and others, 2011) .
Bias provides a description of whether the predicted loads are systematically too high or too low relative to the observed loads. Load estimation methods done in log space, such as many of the regression methods (including F5), can have biased results when the estimations are converted back into real space because of one or both of the following: (1) heteroscedasticity in the residuals from the model and (2) the statistical relation between streamflow and concentration overestimating or underestimating concentrations for certain streamflow regimes. One of the underlying assumptions of log-based regression models is that the residuals are normally distributed and have a constant variance (Runkel and others, 2004) . If the residuals do not have constant variance (for example, they have a heteroscedastic distribution) the retransformation process (converting predictions from log space into real space) can lead to biased predictions (Hirsch, 2014) . All of the computations using the BRE method are done in real space and should not produce biased results like those associated with retransformation. For this reason, comparing the F5 load to the BRE load should be a good way of evaluating bias in the F5 load. Evaluation of bias was only done for sites with significant trend in load, where the F5 load estimate was being considered as the final load. Bias (R) in a F5 regression estimate, calculated as the ratio BRE load estimate divided by the F5 load estimate, was considered minimal when R is near 1.0; An R between 0.66 and 1.5 was considered acceptable. The selection of this range was chosen to be similar in magnitude to the 50 percent criteria used for model accuracy. For detrended loads, R can deviate from 1.0 even if the load estimate has no bias. The amount of deviation depends on the magnitude of the trend and the proximity of the water-quality period of record compared to the base year. For sites with significant trends, an adjustment to the acceptable bias range was required to account for this deviation. The trend-adjusted acceptable bias range was increased by a factor m (eq. 4):
where k is equal to the absolute value of the trend in the load (expressed as a fraction of the mean load estimate per year), and yrdif is equal to the absolute value of (2002.5-midyear of the water-quality period of record). Therefore, R could fall into a range of m divided by 1.5 to m multiplied by 1.5. As the magnitude of the trend gets smaller and the midyear of the water-quality record approaches the base year, m approaches 1.0. This adjustment assumes that the water-quality samples were approximately equally spaced throughout the sample period, which is not always the case.
For each site and nutrient, the following decision steps summarize the process of deciding which load estimation should be considered for inclusion in the Midcontinent SPARROW models:
1. Is the trend in load significant and the water-quality period of record not centered within the 2002 base year?
2. If the answer to (1) is "no," then evaluate the BRE load estimate for this site. If the standard error for the BRE load estimate is less than 0.5, consider including this load in the SPARROW model, if the standard error is greater than or equal to 0.5 exclude this load.
3. If the answer to (1) is "yes," then evaluate the detrended F5 regression load estimate for this site. If the standard error for the F5 load is less than 0.5 and the bias is within the acceptable range of m divided by 1.5 to m multiplied by 1.5, consider including this load in the SPARROW model, otherwise exclude this load.
The final load estimates for TP and TN, load model coefficients, and other associated information for each site, are included in the online dataset associated with this report (Saad and others, 2018) .
Final Loads Considered for use in the 2002 Midcontinent Total Phosphorus and Total Nitrogen SPARROW Models
The initial compilation of N and P data consisted of observations from approximately 35,000 stream sites. Only about 12 percent of those sites, however, met the minimum water-quality screening criteria, and only about 4 percent of the initial sites had data considered adequate for calculating TP or TN loads.
Site Counts and Quality of Load Estimates
A summary of the number of monitoring stations, by country, at each major step in the evaluation process, is listed in table 1. The final sites, reflecting all of the stated qualifications, is composed of water-quality observations from 1,323 TN sites and 1,472 TP sites from 34 agencies (appendix 1).
Most of the final load estimates considered for use in the 2002 Midcontinent SPARROW TN and TP models were based on the BRE method. Approximately 72 and 71 percent of the TN and TP load estimates, respectively, considered for use in the models were based on the BRE method. Although the maximum allowable standard error was 50 percent of the mean estimate, the average ranged from approximately 8 percent for TN to 14 percent for TP. In general, the standard errors were slightly larger for the BRE estimates than the F5 load estimates. Additionally, although the acceptable bias R range was from about 0.66 to 1.5, the average for sites with a significant trend in load, ranged from 0.98 for TN to 1.22 for TP. This range indicates that, on average BRE load estimates were nearly the same as detrended F5 regression load estimates for TN and slightly higher for TP.
Site Distribution and Mean-Annual Nutrient Yields
The final TN and TP load sites considered for inclusion in the 2002 Midcontinent SPARROW models represent a wide range in watershed sizes, nutrient source inputs, and land-use and watershed characteristics in the model area ( figs. 2 and  3) . The distribution of TN and TP load sites cover most of the area; however, the density of sites is low in the northern portions of Michigan and Minnesota and very low in Ontario and north of Lakes Huron and Superior. In southeast Ontario, between Lakes Huron and Erie, the density of sites is greater than any other location in the model area. TN yields from these sites range from less than 1 kilogram per square kilometer (kg/km 2 ) to greater than 69,000 kg/km 2 ; TP yield ranges from less than 1 kg/km 2 to greater than 2,600 kg/km 2 . The area with the largest TN and TP yields is a band that stretches from Iowa; through Illinois, Indiana, and Ohio; and into southeast Ontario. Agriculture is the primary land use in this area, but this area also includes some of the largest cities in North America. The smallest TN and TP yields are in the north, northwest, and southeast portions of the model area. The north and southeast areas are typically more forested, with relatively small TN and TP source inputs. The northwest, primarily the Red-Assiniboine River Basin, is dominated by agriculture with relatively large N and P inputs, but the northwest is also the driest part of the Midcontinental region, which results in relatively low yields. 
Summary
A rigorous screening and evaluation procedure was applied to reduce nearly 35,000 sites with available nitrogen and phosphorus data to a select a set of approximately 1,500 sites. For these 1,500 sites, concentration and streamflow data were of sufficient quality and quantity to be suitable for long-term total nitrogen (TN) and total phosphorus (TP) load estimation. Load estimates from these suitable sites will be considered for inclusion as calibration targets in the 2002 Midcontinent Nutrient SPAtially Referenced Regressions on Watershed attributes (SPARROW) models. The resulting set of qualified N and P concentration and streamflow data represents a significant by product of the Midcontinent load estimation effort-a by product that could provide considerable utility in other regional or local water-quality assessments. The final load sites considered for use in SPARROW models represent a wide range in watershed sizes, N and P source inputs, and land-use and watershed characteristics in the Midcontinental region. The distribution of sites covers most of the area, but the density of sites is relatively low in northern forested areas, especially in the Province of Ontario, north of Lakes Huron and Superior. The density of sites is highest in southeast Ontario, between Lakes Huron and Erie. Highest mean-annual TN and TP yields were observed in the humid, agricultural areas of the Midcontinental region, in a band that stretches from Iowa; through Illinois, Indiana, and Ohio; and into southeast Ontario. The lowest TN and TP yields were in the north, northwest, and southeast portions of the region. Low nutrient yields in these areas are associated with relatively low N and P source inputs or low precipitation, or both. 
